To investigate the cis-acting sequence elements that are involved in the regulation of herpes simplex virus type 1 late gene expression, linker-scanning mutations were constructed in the promoters of the glycoprotein C and glycoprotein H genes. Each promoter mutation was inserted upstream of the Escherichia coli lacZ gene in a recombinant virus, and the relative activities of j-galactosidase expressed from individual recombinant viruses were compared. This analysis identified three sequence elements in each promoter: a TATA element, an element that overlapped the start of transcription, and an element downstream from the start of transcription. Primer extension analysis confirmed these results and showed that mutations in either the TATA element or the initiation sequence could eliminate normal transcription initiation. Analysis of expression from hybrid promoters revealed that the TATA and the initiation elements were interchangeable, at least when correctly aligned, and that the initiation element plays a pivotal role in determining the actual site of transcription initiation.
Expression of the approximately 70 herpes simplex virus type 1 (HSV-1) genes is regulated primarily at the level of transcription (3, 18) and can be conveniently divided into three phases based upon the temporal order of mRNA synthesis (6) . Five immediate-early (IE) genes are expressed soon after infection in the absence of de novo protein synthesis. Functional IE gene products are required for expression of the second set of genes, the early genes, many of whose gene products are involved in viral DNA replication. The expression of the third phase, late genes, requires both viral DNA replication and functional IE proteins.
The cis-acting sequences that govern late HSV-1 gene expression have not been clearly defined. A TATA element is the only consensus sequence element identified in the upstream regulatory region of late viral promoters (18) , and deletion studies have indicated that little sequence information upstream from this element is required for efficient expression (4, 5) . Several studies have indicated the importance of sequences downstream from the TATA element, although no consensus sequence elements have been identified (9, 11, 21) . A recent study, for example, showed that a hybrid promoter consisting of the TATA element and upstream sequences from the early thymidine kinase gene, fused to sequences downstream from the TATA element of a late promoter, had properties of both early and late viral promoters (9) .
To further define the promoter elements that are in common among HSV-1 late promoters, we have constructed linker-scanning mutations in the promoters of two HSV-1 late genes, those that code for glycoprotein C (gC) and glycoprotein H (gH). Further, by construction of hybrid gC/gH promoters, we have evaluated the ability of the identified sequence elements of these promoters to functionally substitute for one another.
Rockville, MD 20850. MATERIALS AND METHODS Cells and viruses. HSV-1(F) was grown and titered in Vero cells. Recombinant herpesviruses were isolated by plaque assay on thymidine kinase-deficient 143B cells as previously described (20, 21) . To quantitate ,-galactosidase (,-Gal) activity, approximately 3 x 106 Vero cells were infected with virus at a multiplicity of 10 in the presence or absence of 300 pLg of phosphonoacetic acid per ml. At 24 h postinfection, the cells were collected by scraping and centrifugation and were assayed for p-Gal as described previously (12, 20) . Values reported are the mean of two to five separate experiments.
DNA procedures. Routine procedures were similar to those described by Ausubel et al. (1) . Oligonucleotides were made with an Applied Biosystems 380B DNA synthesizer, and plasmid DNA sequencing was done essentially as described by Zagursky et al. (23) . Primer extension assays were as previously described (20) , using a primer complementary either to + 15 to + 35 of the lacZ coding sequences or to +25 to +49 of the gC coding sequences.
Construction of plasmids. The recombinant viruses vgCL5 and vgHL.1 and their plasmid parents pgCL5 and pgHL.1, respectively, have been described previously (21, 22) . To construct the gC linker-scanning mutations, the HindIllBamHI fragment from pgCL5, containing gC promoter sequences from -114 to +71, was cloned into the phage vector M13mpl8. Oligonucleotide site-directed mutagenesis was performed as described by Kunkel et al. (8) (5) primer extension products were identical to those reported are depicted. The promoter sequences and the mutations are depreviously for the authentic gC gene as well as for several gC scribed in the text and in Fig. 2 and 4. promoter-lacZ constructions (20, 21 (20) . The general strucactivity observed. These results confirmed the importance of ture of the recombinant viruses is depicted in Fig. 1 Hybrid gH/gC promoters. To determine whether the sequence elements of late HSV-1 promoters were functionally similar, experiments were performed that interchanged these elements between the gC and gH promoters. This was made possible since many of the linker-scanning mutations in both promoter regions had a negligible effect on the expression of 1-Gal activity. In the first set of experiments, gH promoter elements were substituted into the gC promoter. When gH promoter sequences from -83 to +13, containing both the TATA and initiation elements, were substituted for gC sequences from -114 to +15, expression of ,B-Gal increased by approximately 50%. However, when gH sequences from -83 to -12, containing only the TATA element, were substituted for gC sequences from -114 to -15, expression of 1-Gal decreased by 78% (Fig. 6A) . Primer extension experiments using RNA from vgCP27-, vgHC.2-, vgCP28-, and vgHC.4-infected cells showed that the 1-Gal mRNA initiated at the normal gC start site in vgCP27-and vgCP28-infected cells and at the normal gH start site in vgHC.2-infected cells. No start site was observed when vgHC.4 RNA was used (Fig. 6B) . Thus, although substitution of the gH TATA and initiation sequence together into the gC gene directed efficient transcription, the gH TATA element alone was not sufficient to initiate transcription.
The lack of ,B-Gal transcription in vgHC.4-infected cells could be due to poor alignment of the gH TATA element with the gC initiation sequence or to the fact that these sequence elements are not interchangeable between the two promoters. To evaluate these two possibilities, sequence elements of the gC promoter were also substituted into the gH promoter. In these experiments, gC sequences from -114 to + 15, containing the gC TATA element and initiation sequence, effectively substituted for gH sequences from -83 to +12 (Fig. 7A) , and transcription of the 1-Gal mRNA in vgHC.1-infected cells initiated from the normal gC start site (Fig. 7B) . The measured levels of 1-Gal were lower for all of the constructions that contained downstream gH sequences than for gC sequences (Fig. 6A versus Fig. 7A ). We suspect that this is due to the presence of a sequence at the start of gH translation that is predicted to be unfavorable for translation (7, 17) . Substitution of gC sequences containing only the TATA element (-114 to -15) for gH sequences -83 to -12 also directed 1-Gal mRNA transcription (Fig. 7A and   B ), but mRNA initiation was at the normal gH start of transcription, not at the predicted distance downstream from J. VIROL. the gC TATA element. These results indicate that the TATA element and initiation element of the gC and gH promoters are interchangeable and that both elements are necessary for late gene expression, and they suggest that the initiation element determines where mRNA transcription begins. altered the normal start of transcription, we suspect that the downstream sequence elements in the gH and gC promoters probably influence the magnitude of expression but are not involved in determining the actual start site of transcription. However, a more extensive mutational analysis will probably be necessary to clarify both the importance and function of the downstream elements in the gC and gH promoters.
Linker-scanning mutations near the start sites of transcription for both promoters had dramatic effects on promoter activity. These mutations defined a short sequence from -3 to +4 in the gC promoter and one from -6 to +7 in the gH promoter that were required for promoter activity. In this region, the two promoters share 5 of 8 bp (Fig. 8) initiation elements are common to HSV-1 late promoters and whether they are functionally equivalent to Inr elements. 
